INTRODUCTION
Increased entry of hepatically synthesized very-low-density lipoproteins (VLDL) into the plasma, in excess of clearance, leads to hyperlipidaemia. The associated rise in LDL levels is a clear risk factor in the development ofpremature atherosclerosis. Assembly and secretion of VLDL requires the presence of apolipoprotein B (apoB). Available evidence suggests that the rate of VLDL secretion is not regulated by the rate of apoB production [1] . ApoB is thus constitutively over-produced, and excess apoB that is unable to associate with lipid is degraded in the endoplasmic reticulum (ER) [2] [3] [4] [5] . Consequently, it may be the supply of lipid into the ER that governs hepatic VLDL secretion. The discovery ofa neutral lipid transfer activity catalysed by the ER microsomal triglyceride transfer protein (MTP) in the ER has given an insight into how triacylglycerol (TAG) is incorporated into the nascent VLDL particle.
MTP is a heterodimeric intracellular lipid transfer protein, present in the ER of liver and small intestine. In vitro, it mediates the transfer of TAG, and to a lesser extent cholesterol ester and phospholipid, between unilamellar vesicles [6] . The 97 kDa subunit of MTP has been purified, and the gene has been cloned [7, 8] and shown to be defective in abetalipoproteinaemia [9] .
Further to this, co-expression of MTP with apoB in heterologous cells confers ability to assemble apoB-containing lipoproteins [10, 11] . The function of MTP implies a potential role for this protein in the regulation of lipoprotein secretion. Indeed, both MTP mRNA and protein increased in the intestine of hamsters fed on a high-fat diet. Hepatic mRNA or protein levels were unaffected. Sucrose feeding caused a small increase in hepatic message although with little change in hepatic MTP protein [12] .
We chose to determine whether MTP is regulated under conditions in which hepatic VLDL outputs are markedly reduced: in the streptozotocin-diabetic rat [13, 14] and the suckling cases where very-low-density lipoprotein (VLDL) secretion is markedly reduced: the streptozotocin-diabetic rat and 10-dayold suckling rats. In both cases MTP activity was unaltered compared with that in control animals. Equal levels of MTP were also apparent in the livers of all groups of animals, as measured by immunoblotting with an anti-MTP antiserum. These findings indicate that factors other than MTP activity are responsible for the reduction in hepatic VLDL triglyceride secretion observed in the suckling and diabetic animals.
rat [15] . Both of these states are associated with increased intrahepatic storage of TAG [16, 17] . Additionally, we wished to determine whether the rate of TAG output from the liver could be supported by the observed rate of MTP-facilitated lipid transfer measured in the assay system in vitro.
MATERIALS AND METHODS Assay for lipid transfer activity
Lipid transfer activity was determined by a small unilamellar vesicle (SUV) assay previously described [6] with the following modifications. To prepare the donor and acceptor SUV, the appropriate lipids (in chloroform) were dried under a stream of nitrogen, followed by rotary evaporation under vacuum at 40°C for 4 h. Vesicles were resuspended by vortex mixing in 15 [16] . Five days before the experiment, one group of rats was made insulin-deficient by injection of a solution of streptozotocin (50 mg/kg body weight in 0.01 M citrate buffer/ml; pH 4.5) via a tail vein [18] . After 5 days, the urinary glucose concentration was greater than 25 mM. The animals were not ketotic. Diabetic and non-diabetic animals were killed by cervical dislocation and the livers were removed, chilled, minced and homogenized in a Potter-Elvehjem homogenizer in 20 ml of homogenization buffer [50 mM Tris (pH 7.4)/250 mM sucrose/1 mM EDTA/1 mM PMSF/1 mM benzamidine/ 5 ,tg/ml leupeptin]. The homogenate was then centrifuged at 10000 g for 30 min and the supernatant centrifuged at 18000 g for 30 min. A final centrifugation of the above supernatant was carried out for 1 h at 100000 g. The microsomal pellet obtained from each whole liver was suspended overnight in 1 mM Tris (pH 7.4) containing 0.02% saponin. Aliquots were taken for protein estimation and immunoblotting. The microsomal membranes were pelleted by centrifugation and the supernatant was retained. The supernatant was concentrated by membrane filtration and tested for MTP activity. Protein estimation was by a modified method of Lowry (Bio-Rad kit) [19] . Microsomes were prepared in a similar manner from 12-day-old suckling animals, except, in these cases, the livers from ten rats were pooled before homogenization. 
RESULTS
Triacylglycerol transfer rates Liver microsomes were prepared from diabetic, suckling and control rats, and MTP activity was released with saponin. Comparable TAG transfer activities were found in diabetic, suckling and control animals ( Figure 1 ). TAG transfer rates were [6] . In agreement with measurements of activity ( Figure 1 ; Table 1 ) equal amounts of immunoreactive protein were seen in samples from each type of rat ( Figure 2 ).
Comparison of MTP activity and VLDL TAG secretion rate
Rates of TAG transfer in the liver microsomes were compared with the known rates of VLDL TAG secretion from primary rat hepatocytes derived from diabetic and control animals. Rates of TAG transfer per total hepatocyte protein were re-calculated from the original data on the basis that microsomal protein constitutes 20 % of the total. The rates of VLDL TAG secretion in hepatocytes from diabetic and control animals have been determined previously [20] . Table 2 shows that TAG transfer rates measured by assay in vitro are well in excess of the amount of TAG secreted in cultured primary hepatocytes from both suckling and diabetic rats. In the normal rats these values were comparable. A comparison of TAG transfer rate with that of VLDL secretion in the suckling animals was calculated from secretion rates measured as described previously [21] . Hepatic rates of TAG secretion are substantially reduced in suckling animals in which virtually all the plasma TAG is derived from intestinal secretion [21] . This large decrease in secretion was not, however, accompanied by any change in MTP activity ( Figure 1 ; Table 1 ).
DISCUSSION
Recent studies in the hamster have sought to determine whether MTP is regulated by dietary manipulation [12] . In these studies, the mRNA of the large subunit of MTP was acutely regulated by fat feeding in the intestine, but in the liver, marginal changes were observed only after chronic feeding of the high-fat diet. Chronic sucrose feeding also resulted in increased hepatic MTP mRNA levels, but in this case, levels in the intestine were unchanged. Other studies showed that the 5' promoter region of MTP contains a modified positive sterol-responsive element and a negative insulin-responsive element. Together these findings would indicate that cholesterol and insulin could regulate the activity of the promoter in opposite directions [22] . While acute dietary manipulation may have marginal effects on the liver, hepatic VLDL output responds strongly to pathophysiological and developmental changes. For instance, insulin-deficient diabetes [13, 14] and the suckling stage of development [15, 21] both substantially reduce hepatic VLDL output. The purpose of our studies was to evaluate whether a fall in the lipid transfer activity of MTP could explain the inhibition of VLDL output in hepatocytes from diabetic and suckling animals. However, in both situations where VLDL output was suppressed, the level of lipid transfer activity remained comparable to that of control animals. Immunoblotting with an anti-MTP antiserum of the hepatic microsomes of these animals confirmed that MTP protein was also unchanged. We cannot of course, at present, completely rule out the possibility that there were changes in MTP mRNA which, due to slow MTP protein turnover, were not reflected by measurable changes in MTP activity. We consider this unlikely, however, because if this were the case, MTP turnover must have been exceptionally slow, since we were unable to detect any change even after 5 days of insulin deficiency and 12 days of suckling.
It has previously been reported that insulin directly suppresses the secretion of VLDL in vitro (for a review, see [23] ), and the human MTP gene promoter is also negatively regulated by insulin [22] . Whether these insulin effects in cultured cells are causally linked is not known. However, if this situation applied in intact animals, then in insulin-deficient states such as diabetes, VLDL secretion and the expression and activity of MTP should be de-repressed. This was not the case. Instead, the secretion of VLDL was substantially decreased under these conditions. These decreases were accompanied neither by any significant change in the capacity of MTP to transfer TAG (Figure 1 ; Table 1 ) nor by a change in the quantity of the large subunit present in the microsomal fraction of the liver (Figure 2) . Together, the above observations suggest that in vivo there are other insulin-dependent factors which regulate hepatic VLDL assembly. It may be of relevance in this context that the rate of de novo lipogenesis in diabetic rats is very low [16] and this rate appears to bear a strong positive correlation with VLDL secretion [24, 25] . It might, of course, be argued that streptozotocin may affect certain metabolic parameters via a mechanism which does not directly involve lack of insulin. The resistance of MTP to streptozotocin treatment suggested, however, that neither the lack of insulin nor, for that matter, any other concomitant metabolic disturbance had any effect on MTP activity and abundance. The cause(s) of the low rates ofVLDL secretion at the molecular level in the diabetic and suckling rat models is not known, but may possibly be related to an impaired mobilization of the intrahepatic pool of TAG [26] . Another question arising from the present study was whether the rate of TAG transfer activity measured in the assay in vitro was sufficient to account for the level of VLDL TAG secretion measured from rat livers. Rates of MTP-facilitated TAG transfer measured from the microsomal fraction of diabetic, suckling and control animals was shown to be within the range or in excess of that secreted as VLDL. However, a number of issues have to be considered in the comparison of TAG transfer activity with rates of secretion. First the rate of TAG secretion was measured in cultured hepatocytes and may be altered in vivo. Secondly, microsomal extracts were prepared from whole liver, which contains cells other than hepatocytes. Thus MTP activity per mg of microsomal hepatocyte protein may have been higher. Finally, limitations in the measurement of net transfer of TAG due to design of the assay in vitro may underestimate the level of MTPmediated lipid transfer in vivo. We consider it likely, therefore, that the activity of MTP, as measured, is sufficiently high to maintain the observed rates of VLDL TAG secretion. In conclusion, our results indicate that factors other than the rate of MTP-facilitated TAG transfer act to suppress VLDL output in both suckling and streptozotocin-induced diabetic rats.
